Purpose NSD3 has been implicated as a candidate driver oncogene from the 8p11-p12 locus, and we have previously published evidence for its amplification and overexpression in human breast cancer. This aim of this study was to further characterize the transforming function of NSD3 in vivo. Methods We generated a transgenic mouse model in which NSD3 gene expression was driven by the MMTV promoter and expressed in mammary epithelium of FVB mice. Mammary glands were fixed and whole mounts were stained with carmine to visualize gland structure. Mammary tumors were formalin-fixed, and paraffin embedded (FFPE) tumors were stained with hematoxylin and eosin. Results Pups born to transgenic females were significantly underdeveloped compared to pups born to WT females due to a lactation defect in transgenic female mice. Whole mount analysis of the mammary glands of transgenic female mice revealed a profound defect in functional differentiation of mammary gland alveoli that resulted in the lactation defect. We followed parous and virgin NSD3 transgenic and control mice to 50 weeks of age and observed that several NSD3 parous females developed mammary tumors. Whole mount analysis of the mammary glands of tumor-bearing mice revealed numerous areas of mammary hyperplasia and ductal dysplasia. Histological analysis showed that mammary tumors were high-grade ductal carcinomas, and lesions present in other mammary glands exhibited features of alveolar hyperplasia, ductal dysplasia, and carcinoma in situ. Conclusions Our results are consistent with our previous studies and demonstrate that NSD3 is a transforming breast cancer oncogene.
Introduction
The genomic region at the 8p11-p12 locus is commonly amplified in human breast cancer, human squamous cell lung cancer, and several other cancer types [1] [2] [3] . This amplicon is generally focal in nature, but has several discreet regions that can be amplified independently of each other [4] . Accordingly, it is likely that this genomic region harbors several driving oncogenes, with at least one in each sub-region. Indeed, there are numerous reports in the literature documenting the transforming potential of at least six different genes from this amplicon [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . For several years, our laboratory has been interested in the role played by one of these candidate oncogenes, the histone methyl transferase, NSD3 (formerly known as WHSC1L1), and we have published evidence for its amplification and overexpression in the SUM-44 human breast cancer cell line, primary human breast cancers, and its transforming function when overexpressed in MCF-10A cells. More recently, we demonstrated that NSD3 can drive high level expression of ERa and induce estrogen-independent, but estrogen receptor-dependent proliferation and survival of SUM-44 breast cancer cells [2, 4, 15, 16] . These findings are consistent with data obtained by other labs that have identified NSD3 as one of several genes in the amplicon that are associated with a poor outcome in ERa-positive breast cancer [6, [17] [18] [19] [20] [21] [22] . NSD3 has also been shown to have transforming ability in other model systems, and has been implicated as a driving oncogene by GISTIC analysis of large datasets derived from human breast cancer specimens [23] . Thus, there is a significant body of literature supporting the notion that NSD3 is an important oncogene in breast and other cancers in which the 8p11 region is focally amplified. However, because of the complexity of this genomic region, and because FGFR1 is a neighboring gene on the amplicon that is almost always co-amplified and overexpressed with NSD3, the oncogenic role of NSD3 in human breast cancer has not yet been widely accepted [24] . To investigate further the potential of NSD3 to act as a breast cancer oncogene, we developed a transgenic mouse model with targeted expression of NSD3 to the mammary epithelium. In this report, we demonstrate that NSD3 transgenic FVB mice exhibit altered mammary gland morphology during development, differentiation, and involution, resulting in a profound lactation defect caused by the failure of the alveoli to undergo full functional differentiation. By 40 weeks of age, many of these mice developed mammary gland hyperplasias, dysplasias, carcinoma in situ, and mammary carcinomas. Thus, these results extend our in vitro results and show that targeted expression of NSD3 to the mammary gland of FVB mice is oncogenic, consistent with the hypothesis that NSD3 is an important driver oncogene in human breast cancer.
Materials and methods

Chemicals and antibodies
All reagents used for carmine staining of whole mounts, including ethanol, xylene, and glacial acetic acid, were purchased from Fisher Scientific (Hampton, NH) unless stated otherwise. The NSD3 antibody used for western blotting and immunostaining was purchased from ProteinTech Group Inc. (Cat. No. 11345-1-AP) and the ERa antibody was purchased from Santa Cruz (Cat. No. sc-7207). Primers used for genotyping were purchased from IDT.
Transgenic mice
The Institutional Animal Care and Use Committee (IACUC) at the Medical University of SC (MUSC) approved all animal experiments (AR#3397). For the purposes of this study, FVB/N mice were used to generate NSD3 and KAT6A transgenic mouse colonies. The inbred FVB/N strain is commonly used for the production of transgenic mice, as they produce large litters and their large pronuclei can withstand microinjection of the transgene. Male and female WT FVB/N mice were purchased from Jackson Laboratories (Bar Harbor, ME) and bred under typical conditions with unlimited access to food and water. Targeted expression of NSD3 and KAT6A to the mammary gland was achieved by cloning each transgene into the MKbpAII vector with an MMTV promoter. Cloning and preparation of NSD3 and KAT6A constructs as well as generation of transgenic mice was performed by the Gene Function Core at MUSC following the standard protocol for production of transgenic mice.
NSD3 and KAT6A genotyping
To identify positive transgenic pups, tail snips were obtained from 3 week-old pups before weaning. Tails were incubated overnight at 55°C in digestion buffer and DNA was purified using the ZR Genomic DNA 
Whole mount preparation
Mammary glands were harvested from female mice at various time points following euthanasia of the animals per an IACUC approved protocol. Virgin mammary glands were harvested at 12 weeks of age and mammary glands of females at mid-pregnancy were harvested between day 12 and 14 post-mating. Lactating mammary glands were taken 7-10 days following the birth of litters, and at least 2 weeks were allowed for involution to occur before harvesting mammary glands post-weaning. The glands were spread on microscope slides (Polysine pre-cleaned microscope slides, Thermo Scientific, MA) and prepared for carmine staining. Briefly, once the glands adhered to the slide (approximately 1-2 min), they were fixed in 100% ethanol/30% acetic acid (3:1) at room temperature overnight. The following day, slides were washed in 70% ethanol for 15 min, then in distilled water for 5 min. The glands were then stained overnight with carmine alum [1 g Carmine (Sigma-Aldrich C-6125), 2.5 g Aluminum potassium sulfate (Sigma-Aldrich C-237,086) in 500 ml water]. The tissues were then washed in 75, 95, and 100% ethanol for 15 min each and cleared in xylene overnight. For long-term storage, whole mounts were stored in methyl salicylate (Sigma-Aldrich, St. Louis, MO). Tumors harvested from NSD3 transgenic females were cleanly excised and fixed in formalin overnight.
Tissue processing and staining
Whole mounts and tumors were processed by the Biorepository and Tissue Analysis Shared Resource at the Medical University of South Carolina. Flash frozen paraffin embedded (FFPE) Sects. (5 lm) were deparaffinized in xylene, rehydrated in alcohol, and processed as follows. The sections were incubated with target retrieval solution (Dako Glostrup, Denmark) in a steamer (Oster CKSTSTMD5-W) for 30 min and then 3% hydrogen peroxide solution for 10 min followed by protein block (Dako 90909) for 20 min at room temperature. The sections were then incubated with NSD3 and ERa primary antibodies overnight in a humid chamber at 4°C followed by incubation with biotinylated secondary antibody (Vector, CA, USA) for 30 min and ABC reagent (Vector, CA USA) for 30 min. Immunocomplexes were visualized by DAB (Dako, Glostrup, Denmark) reaction and sections were counterstained with hematoxylin before mounting.
Results
Delayed development in pups from NSD3 transgenic female mice
To further our studies on the oncogenic role of the breast cancer candidate oncogene NSD3, we generated a transgenic mouse line in which NSD3 expression was targeted to the mammary gland. To identify potentially positive transgenic pups, tail biopsies were taken from 2 week-old mice and PCR was performed to detect the transgene, thereby identifying founder (F0) mice. Once founder mice were of breeding age, both male and female F0 mice were mated with wild-type (WT) FVB/N mice to establish F1 offspring.
The first goal of these experiments was to determine if targeted expression of NSD3 in the mammary gland would have observable effects on mammary gland biology through the normal growth, differentiation, and involution cycle of the mouse mammary gland. Early on in our observations, we noticed that pups born to NSD3 transgenic female mice were underdeveloped. By contrast, pups born to WT females mated with NSD3 transgenic males did not display any developmental defects (Fig. 1) . This was readily apparent at day 9, at which point pups nursed by NSD3 transgenic females were not only significantly smaller than pups born to wild-type mothers, but also showed delayed hair growth and eye opening compared to pups nursed by WT females. However, pups born to WT females mated with NSD3 transgenic males and nursed by WT females did not display this developmental lag. The observed developmental lag displayed in pups nursed by NSD3 transgenic females was evident in both WT and NSD3 transgenic pups, giving the first indication that this developmental delay was due to a lactation defect present in the NSD3 transgenic females and not a result of NSD3 expression in the pups.
Lactation deficiency in NSD3 transgenic females
To further investigate the influence of mammary glandtargeted expression of NSD3 on mammary gland biology, mammary glands from virgin, mid-pregnant, lactating, and post-lactating mice were harvested for whole mount and histologic analysis. As seen in Fig. 2a , mammary glands from 12 week-old virgin transgenic females displayed increased ductal branching and terminal bud formation compared to WT female virgins. Additionally, mammary glands taken from NSD3 transgenic females mid-pregnancy (12-14 days; Fig. 2b ) showed more numerous and densely packed alveolar buds compared to WT females during pregnancy. Although these phenotypes were subtle, blind scoring of these mammary gland whole mounts identified mammary glands from transgenic mice 100% of the time. The phenotypic differences between mammary glands from lactating transgenic females versus wild-type mice were not subtle and were consistent with the lactation defect hypothesized based on the growth of the pups as described above. Mammary glands from lactating transgenic mice showed evidence of gross defects in the full functional differentiation of many of the alveoli in these mammary glands (Fig. 2c) . This failure to achieve full functional differentiation was observed in every lactationstate mammary gland we observed in transgenic females, and is consistent with the growth retardation observed in the pups of these mice. In addition, examination of postlactation mammary glands from wild-type and transgenic mice showed that while post-lactation mammary glands from WT female mice had undergone involution, glands from transgenic females failed to completely involute and showed evidence of hyperplasia (Fig. 2d) .
Mammary hyperplasia, dysplasia, and tumorigenesis in NSD3 transgenic females
To examine the long-term effects of mammary gland-targeted expression of NSD3, a group of 25 transgenic and wild-type females were maintained until they reached one
year of age and monitored weekly for tumor development. We first palpated mammary tumors in two transgenic mice at 40 weeks of age, and thereafter, several additional transgenic parous females developed mammary tumors at ages between 40 and 50 weeks. Overall, five of the 25 transgenic mice, all of which were parous females, developed mammary tumors. By contrast, none of the WT mice developed tumors or any other morphologic abnormalities.
Once tumors reached a size of 1 cm 3 , the mice were euthanized and the tumors were excised and fixed in formalin for histological analysis. At the same time, the remaining mammary glands were harvested from tumorbearing females and whole mounts were prepared. Interestingly, mammary glands from tumor-bearing mice exhibited numerous ductal and alveolar hyperplasias and ductal dysplasias (Fig. 3) . Histological analysis of these mammary lesions revealed a wide variety of abnormalities including areas that would be identified as proliferative and non-proliferative fibrocystic disease in humans, such as alveolar and ductal hyperplasia, adenosis, microcyst formation, and columnar cell change. Papillary lesions were also identified. In addition, areas of epithelial atypia, dysplasia, and ductal carcinoma in situ (DCIS) were commonly observed. Patterns of DCIS were similar to those seen in humans with identifiable micropapillary, cribriform, and clinging-type carcinoma. Patterns of invasive carcinoma markedly resembled that seen in high-grade invasive ductal carcinoma in humans with often solid or trabecular type growth patterns that exhibit a high mitotic rate and increasing degrees of necrosis as the tumors increased in size. No lesions or tumors were observed in mammary glands of age-matched wild-type female mice, consistent with published reports on the background incidence of mammary tumors in FVB mice. A total of five of the 25 transgenic mice followed to 50 weeks of age developed frank mammary tumors. All of these mice also exhibited areas of mammary hyperplasia, dysplasia, and carcinoma in situ in other mammary glands. In addition, three mice that did not develop palpable tumors during this time exhibited mammary hyperplasias and dysplasias. In all, 95 mammary glands from the 25 mice were examined, with structural abnormalities identified in 18 of the 95 whole mounts (Fig. 4) . transgenic females at the time of weaning or at 21 days of age. As seen on the left in all photos, these pups remained developmentally behind pups nursed by WT FVB/N females. c The bar graph shows the average weights of two litters of pups nursed by NSD3 transgenic females at days 9 and 21 compared to one litter of WT-nursed pups. NSD3-nursed pups were approximately half the weight of healthy pups at both time points compared to WT-nursed pups It is noteworthy that in the course of these studies, we also generated KATA6A (Myst3) transgenic mice, as we have previously implicated this gene from the 8p11-p12 region as a breast cancer oncogene [14] . In contrast to the results obtained with the NSD3 transgenic mice, KATA6 mice did not exhibit any altered morphologic phenotypes or lactation defects, and never developed mammary preneoplastic or neoplastic lesions.
To confirm transgene overexpression in the mammary glands of transgenic mice-bearing tumors or hyperplasias/ dysplasias, immunohistochemical analysis was performed on the histological sections from these mammary glands. Figure 5a shows that indeed, these mammary gland lesions and tumors stained positively for NSD3, as well as ERa, consistent with our recently published association between NSD3 and ER expression in human breast cancer cell lines [16] . Finally, when tumors were harvested from transgenic female mice, pieces of the tumor were subjected to enzymatic dissociation and plated into primary culture. After one to two weeks in culture, cells were harvested and assessed for expression of NSD3 by western blot analysis. Figure 5b confirms that these mouse mammary tumor cells express high levels of NSD3 protein.
In summary, these studies demonstrate the oncogenic potential of NSD3 when expression is targeted to the mammary gland of FVB mice and support the hypothesis that NSD3 is a driving breast cancer oncogene from the 8p11 amplicon. Discussion 8p11-p12 amplification is associated with poor survival and distant recurrence in luminal breast cancer [1, 3, 4, 17] . We and others have shown that overexpression of several genes within the 8p11-p12 region can provide a pathological gain-of-function to breast cells [15, 16, 22] . Within focal regions of gene amplification, it is often difficult to determine which genes are most important and act as driving genes. Driving genes provide a necessary growth advantage that is essential for tumor survival, whereas while passenger genes are often amplified with driving genes, they are not necessary for proliferation or survival. Previous published data are consistent with the notion that the 8p11-p12 amplicon contains both driver and passenger genes, and studies from other laboratories have proposed different drivers [2, 4, 15, 25, 26] . Predictions based on Cancer Genome Atlas data, including GISTIC analyses, have helped to narrow the number of putative 8p11 amplicon driving genes, and have identified NSD3 as a Fig. 2 Lactation deficiency in NSD3 transgenic female mice. a After euthanization, mammary glands were harvested from female mice at various time points. Virgin mammary glands were harvested from WT and NSD3 transgenic females at 12 weeks of age. NSD3 mammary glands showed increased ductal branching and terminal bud formation. b Mammary glands were harvested from females at mid-pregnancy between day 12 and 14 post-mating. Mammary glands from pregnant NSD3 mice showed more numerous and densely packed alveolar buds compared to mammary glands harvested from pregnant WT females. c Lactating mammary glands were harvested from WT and NSD3 transgenic females 7-10 days following the birth of litters. NSD3 mammary glands showed failure of the glands to functionally differentiate compared to WT mammary glands. d Two weeks were allowed post-weaning for involution to occur before harvesting mammary glands from WT and NSD3 females. Staining shows that mammary glands from NSD3 transgenic females failed to involute, while the WT mammary glands had undergone involution driving gene in multiple tumor types, including breast cancer [23] . In the present study, we demonstrated that targeted expression of NSD3 in the mammary epithelium of FVB mice resulted in drastic morphological alterations in the mammary gland, inhibited functional differentiation, and resulted in the development of hyperplasias, dysplasias, carcinoma in situ, and mammary carcinoma development.
We first observed that targeted expression of NSD3 to the mammary epithelium blocked functional differentiation of the alveolar units in the mammary gland resulting in stunted developmental growth of the offspring when compared to e Carmine-stained whole mount of a left thoracic mammary gland harvested from an NSD3 transgenic female. E1-3. H&E staining of the whole mount shown in panel E pups born to WT females. The developmental lag was evident by postpartum day 9; pups nursed by NSD3 females had delayed hair growth compared to pups nursed by WT females. This phenotype persisted through weaning age, resulting in significantly smaller NSD3 transgenic femalenursed pups. In contrast, pups nursed by WT females displayed normal developmental patterns. Interestingly, the developmental lag was evident in all pups nursed by NSD3 transgenic females regardless of the genotype of the pups. Indeed, carmine staining of mammary glands from lactating NSD3 transgenic females showed areas where alveoli had failed to undergo full functional differentiation.
In addition to the lactation deficiency seen in NSD3 females, these mice developed mammary gland hyperplasias, dysplasias, and carcinomas. Tumors from NSD3 transgenic females presented as infiltrating ductal carcinomas with high nuclear grade. These tumors were not well circumscribed and displayed irregular borders. The phenotypes of these mouse mammary carcinomas are significant because they are similar to the phenotypic characteristics observed in human breast cancers. Furthermore, the majority of glands in tumor-bearing NSD3 transgenic females showed areas of hyperplasia, dysplasia, and carcinoma in situ.
Conclusions
Previous studies from our lab and others have demonstrated the potent transforming properties of NSD3, which is consistent with its role as an important driving oncogene on the 8p11-p12 amplicon [15, 16, 22] .Here, we provide direct evidence for NSD3 as a breast cancer oncogene by showing that targeted expression of NSD3 in the mouse mammary gland prevents alveolar differentiation and results in [16] development of pre-malignant lesions and mammary gland ductal carcinomas. At the present time, the only clinical studies that have been performed in patients exhibiting the 8p11 amplicon have focused on targeting the FGFR1 gene, which is present on the amplicon and is often co-amplified with NSD3. The results of these clinical studies have been disappointing in both breast and lung cancer patients bearing the amplicon [27, 28] . These clinical findings suggest that FGFR1 is not a major driving oncogene in 8p11 amplified breast and lung cancers. Thus, it is now important to consider NSD3 as an important driving oncogene and a potential druggable target in breast cancer patients, and perhaps lung cancer patients, bearing the 8p11 amplicon and exhibiting amplification and overexpression of NSD3.
